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INTRODUCTION 
 
To evaluate the NVH (Noise, Vibration, and Harshness) from ABS (anti-lock braking system) 
and ESP (Electronic Stability Program) systems it is not enough to measure the overall sound 
pressure level. The reason for this is the nature of the sound from the devices in the systems 
generating a pulsating noise, which disturbance can not be determined from only the average 
sound pressure. The overall noise level from the systems can be low but can still be perceived 
as highly disturbing and annoying. Therefore an attempt based on psychoacoustic parameters is 
evaluated and tested in this study.  
 
 
PSYCHOACOUSTIC 
 
Psychoacoustics is the study of subjective human perception of sounds. Alternatively it can be 
described as the study of the psychological correlates of the physical parameters of acoustics. 
Psychoacoustic parameters are calculated from the sound pressure variation and are based on 
models of the human hearing based on time constants, frequency dependency, sensitivity for 
different levels, masking etc.  
 
The psychoacoustic parameters are based on models of our hearing and in this study following 
parameters have been used; Loudness, Sharpness, Fluctuation strength, Roughness and 
Tonality. 
 
Critical bands 
Normally a logarithmic frequency scale is used when sound analysis are performed and 
presented. A better correlation with our hearing is perceived if one instead divides the 
frequencies in to a number of critical bands. A critical band corresponds to a fix length of the 
basilar membrane. Below 500 Hz the width of the critical bands is 100 Hz. Above 500 Hz the 
bandwidth is 20% of the centre frequency. The bandwidth of a critical band corresponds to 1 
bark, which is the unit for the psychoacoustic frequency scale.  
 
Loudness 
Loudness is a subjective measure that tells how loud we perceive the sound. Loudness is 
primarily related to the physical intensity of the sound but also affected by other parameters 
such as frequency spectrum and duration. The unit for loudness is "sone", by definition a sone 
has the loudness of a 1 kHz tone at 40 dB SPL. Loudness can be expressed as one value or as 
separate values for each critical band (i.e. specific loudness). 
 
Sharpness  
Sharpness describes the relation between high-frequency components (that gives a sharp sound) 
and low-frequency components. The perceived sharpness is calculated from the weighting of 
the spectral distribution. The sensation of sharpness is generally produced by high-frequency 
sound components and is generally independent of the level. 
The sensation of sharpness is given in the unit "acum". One acum corresponds to the 
perception of sharpness caused by band-pass noise at 1 kHz with a level of 60 dB and a 
bandwidth of 200 Hz.  
 
Fluctuation strength 
The fluctuation strength describes the difference between constant and fluctuating sound 
character. Fluctuations in the sound level between 1 and 20 Hz have a great effect on the 
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sound and are measured with the magnitude of fluctuation strength. The fluctuation strength 
indicates the temporal fluctuation of a sound. It is given in the unit "vacil". One vacil is the 
perceived fluctuation strength of a 1 kHz tone with a level of 60 dB SPL that is 100 % 
modulated with 4 Hz. 
 
Roughness  
The roughness describes the difference between rough and smooth sounds. Sounds with 
modulation frequencies in the range of 20 to 150 Hz are perceived as rough. Roughness is 
given in the unit "asper". One asper corresponds to the roughness of a 1 kHz pure tone that is 
100 % modulated with 70 Hz at a level of 60 dB SPL.  
 
Tonality  
Tonality describes the amount of perceived pure tones in the complex sound signal. The 
calculation of tonality is based on spectral pitch and the masking effect that the tonal 
components cause. 
 
Binaural techniques 
Binaural recordings are done with an artificial head (a dummy head of the human head with 
microphones in the ear canal) and the recordings can be evaluated by listening tests. The 
recordings have a very high degree of realism and thanks to the technique the different sounds 
can be ranked in a neutral environment. The ranking of the sounds can later be used to 
correlate the perceived annoyance to the psychoacoustic parameters.  
 
 

 
Figure 1. Artificial head from Head-Acoustics. 

 
 
MEASUREMENTS 
 
The measurements of the ABS-system have been done on two cars, one premium car and one 
budget car. For the measurements the artificial head (Head-Acoustics) was mounted on the 
passenger seat, one microphone (Brüel & Kjær Type 4190) was mounted near the braking 
pedal and one accelerometer (Brüel & Kjær Type 4508) was mounted on the braking pedal. 
All signals were recorded on a digital tape recorder (SONY SIR-1000). 
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Microphone 

Accelerometer 

Figure 2. Measurement setup used for the recordings (not one of the tested cars) 
 
 
The braking was done on smooth ice at a speed of 50 and 60 km/h.  
 
 
ANALYSIS 
For these two car the difference in disturbance between the ABS systems is rather obvious, and 
even the equivalent sound pressure level (A-weighted) gives a lower value for the premium car 
(table 1). One should keep in mind that the sound pressure level in the budget car is also 
higher during normal driving than in the premium car (table 2).  
 
One way to show how the sound changes over time is a spectrogram. A spectrogram is a 3D-
plot where the x-axis is time, y-axis is frequency and the colour shows how loud (blue = 
lowest level, white = highest level) the sound is. In figure 3 a spectrogram is shown for both 
normal driving and braking. Both for driving and braking most of the energy is below 2 kHz 
and it seems that there is more energy (more white colour) at normal driving than at braking 
and still one perceive the braking part as more disturbing.  
 
One of the strengths with psychoacoustic is that it apart from the level also takes other effects 
into account when the parameters are calculated. In table 1 and 2 the Loudness, Roughness, 
Tonality and Fluctuation strength are calculated for both normal driving and for braking.  
 
In appendix 1 the FFT (Fast Fourier Transform) is calculated for all signals and shows how the 
frequency differs between the cars and driving condition. In appendix 2 the loudness versus 
time and specific loudness is presented. An attempt to take all effects into account at once is the 
relative approach which is based on a model of the human hearing. The results from the 
relative approach are shown in appendix 3.  
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Figure 3. Spectrogram which shows how the character of the sound changes over time. From 0 to about 4.5 s the car 

is driving normally at constant speed over the ice and at 5 s the driver hits the brake and at about 8.3 s the car is 
standing still.  

 
Table 1. Values calculated over the entire braking period.  
 Sound 

pressure 
(dBA) 

Loudness 
(sone) 

Roughness 
(acum) 

Tonality 
(tu) 

Fluctuation 
strength 
(vacil) 

Budget car 60km/h 68,0 27,6 0,83 0,060 0,201 
Budget car 60km/h 67,3 25,8 0,86 0,053 0,210 
Premium car 60km/h 62,6 18,5 0,73 0,112 0,118 
Premium car 50km/h 58,9 16,7 0,82 0,042 0,121 

 
 
Table 2. Values calculated during the normal driving before braking. 
 Sound 

pressure 
(dBA) 

Loudness 
(sone) 

Roughness 
(acum) 

Tonality 
(tu) 

Fluctuation 
strength 
(vacil) 

Budget car 60km/h 66,1 26,4 0,88 0,055 0,097 
Budget car 60km/h 66,9 27,0 0,87 0,069 0,084 
Premium car 60km/h 61,4 18,8 0,73 0,053 0,052 
Premium car 50km/h 62,4 20,5 0,74 0,048 0,091 

 
 
RESULTS AND DISCUSSION 
To determine the disturbance from a sound source is difficult task. The perceived disturbance 
depends not only of the measured sound pressure level; it is also highly influenced of the 
spectral distribution, the occasion, environment etc. In the case for braking on ice with the 
two cars tested in this research it is obvious, when one listen to the signals, that the budget car 
is perceived as more disturbing. This is also shown by the measured sound pressure level (table 
1). If one tests for example two premium cars the measured (sound pressure) level difference 
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can be expected to be much smaller. It could also happen that the car with lower level is 
perceived as more disturbing. 
an be expected to be much smaller. It could also happen that the car with lower level is 

perceived as more disturbing. 
  
Because of these factors a more complicated method to determine the disturbance from the 
measured sounds is needed. One approach is to use psychoacoustic parameters such as 
loudness, roughness, tonality, and fluctuation strength. For all these parameters a lower value 
indicates a lower disturbance. For all parameters except for tonality the values are lower for the 
premium car. That tonality is higher for the premium car is probably caused by that the 
background noise overall is lower in this car which makes the pure tones more pronounced 
compared to the budget car.  

Because of these factors a more complicated method to determine the disturbance from the 
measured sounds is needed. One approach is to use psychoacoustic parameters such as 
loudness, roughness, tonality, and fluctuation strength. For all these parameters a lower value 
indicates a lower disturbance. For all parameters except for tonality the values are lower for the 
premium car. That tonality is higher for the premium car is probably caused by that the 
background noise overall is lower in this car which makes the pure tones more pronounced 
compared to the budget car.  
  
By comparing the sound pressure level and psychoacoustic parameters between normal driving 
and breaking the largest difference is found for fluctuation strength. This is not that surprising 
since the ABS is working in a pulsating mode and one could have expected it also to influence 
the roughness.  

By comparing the sound pressure level and psychoacoustic parameters between normal driving 
and breaking the largest difference is found for fluctuation strength. This is not that surprising 
since the ABS is working in a pulsating mode and one could have expected it also to influence 
the roughness.  
  
  
FUTURE FUTURE 
The results in this report are based on a very limited pre-study. To be able to find a 
relationship between the psychoacoustic parameters and the disturbance a larger study is 
needed. It is also necessary to investigate repeatability, variation from car to car (same model), 
influence of the surface, etc. One result from such a study could be a database with sound 
signals and parameters for a large amount of different cars braking on ice at different speeds 
(and maybe different temperatures, surfaces etc.). 
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influence of the surface, etc. One result from such a study could be a database with sound 
signals and parameters for a large amount of different cars braking on ice at different speeds 
(and maybe different temperatures, surfaces etc.). 
  
To do this kind of study it is needed to use some kind binaural recording equipment. The 
recording can be done in 3 ways; artificial head (figure 4a), microphones in the ear canal 
(figure 4b) or a simplified model of the human head (figure 4c).  
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(figure 4b) or a simplified model of the human head (figure 4c).  
  
  

  
Figure 4. Example of equipment for binaural recordings. a) Artificial head from HEAD acoustics, b) Binaural 

microphone from HEAD acoustics and c) Simplified artificial head (SOURCE) from AVL. 
Figure 4. Example of equipment for binaural recordings. a) Artificial head from HEAD acoustics, b) Binaural 

microphone from HEAD acoustics and c) Simplified artificial head (SOURCE) from AVL. 

  
  
  

 a)                                               b)                                                c)       



FFT   Appendix 1 
Braking on ice  

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Normal driving 

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Specific Loudness  Appendix 2 
Braking on ice  

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Normal driving 

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Loudness versus time 
Braking on ice  

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Normal driving 

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Relative Approach  Appendix 3 
Braking on ice  

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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Normal driving 

  
Budget car 60 km/h Budget car 60 km/h 
 

  
Premium car 60 km/h Premium car 50 km/h 
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